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Introduction
Tungsten (W) is a metal toxin with suspected carcinogenic properties [1] [2] [3] [4] . As a dense lithophilic element noted for its hardness, superior electrical conductivity, high melting point and corrosion-resistance, W has a wide range of uses in daily household items (such as lamp filaments), building and construction tools (i.e. saw-blades and drill bits), specialized scientific/technological components (i.e. X-ray tubes) [5] [6] [7] , industrial catalysts [8] and ammunition [9] . The country with the most acute W pollution problems is China [10] . In 2010, 85% of the 61,000 t of W that were produced worldwide that year came from within Chinese borders [10] , with the mineral extraction activities concentrated in the south-eastern provinces of Jiangxi and Guangdong. The pollution legacy caused by W enrichment in some of these mining districts is severe [10, 11] . However, it's not just the manufacturing processes that are a cause of concern, leachates from E-waste repositories and recycling sites can also contain considerable amounts of W [12] . Measures to phase out lead in ammunition, has seen W being used as its replacement [13] , resulting in a relatively new and poorly characterized exposure source/pathway [1, 4, 9] .
Wolframite ((Fe,Mn)WO4) and Scheelite (CaWO4) are the major W minerals [14] , and can be found within granitic intrusions and other hard rock deposits. The oxyanion WO4 2-is the principle soluble species [5, 15] . The assumption that W is inert in soil/sediment and does not dissolve readily in water, perhaps accounts for why its biogeochemistry has not been so extensively studied compared to other toxic trace elements. However, recent research linking W to the development of a cluster of childhood leukemia cases in Neveda (USA) [13] coupled with a greater appreciation of the mobility of the element in soils/sediments and its uptake by biota, especially at pH's above 6.5 [5, 10, 16, 17] , have led the U.S. EPA to re-classify W as an "emerging contaminant" [18] . The distribution and fate of W in the soils/water is controlled by numerous factors including: pH, redox potential, existing chelating and precipitating agents, and Fe/Mn concentrations [19] [20] [21] . These on-site environmental conditions can be altered during sample collection, transport and pretreatment, i.e. ex situ measurement, which can change the partitioning/bioavailability of W. For this reason, low disturbance in situ analysis techniques provide a more accurate reflection of the true solute chemistries of trace element biogeochemical cycles [22] .
As an in situ and passive sampling technique, diffusive gradients in thinfilms (DGT) has been developed to measure oxyanions, such as P and As, in waters and sediments [23] [24] [25] [26] [30] , and, therefore, cannot capture the fine scale chemical processes at the interface that determine the sediment as a source or sink for W.
Tungsten has a very heterogeneous distribution in environments, such as sediments, creating dispersed but highly concentrated groupings of W hotspots [15] . These zones of intense chemical activity and localized features within them that provide mechanistic information about the uneven distribution phenomena, typically cannot be distinguished if lateral and horizontal measurements scales exceed 1-mm [31, 32] . The DGT technique provides the opportunity to quantify W transfer between matrixes and localized events of unusual W release or hotspots across sub-mm gradients if the functionalized particles that bind with the target analyte are small (≤ 10 μm) and homogeneously distributed throughout the surface of the binding gel [25] . In situ precipitation of ferrihydrite and zirconia within a precast hydrogel (precipitated/high-resolution gels) has been validated as a reliable technique to meet these requirements [25, 33] . Laser-ablation (LA)-ICPMS remains one of only a few techniques with sufficiently high sensitivities to image the multi-elements distribution patterns captured by DGT [34, 35] . The precipitated ferrihydrite (PF) gel based DGT analyzed by LA−ICP−MS has been validated for the measurement of oxyanion transfer across sedimentwater interfaces (SWI) at sub-mm scales [23] . However, one drawback of the PF gel is its limited storage time (< 40 d) [33, 36] , caused by the mineral transformation of ferrihydrite to goethite and/or hematite [33] . PZ gels show little deterioration even after >1 year of storage and overcomes the above-mentioned drawback of PF gels. To date, although the PZ gel has been evaluated for six oxyanions (P, V, As, Se, Mo and Sb), the method has not yet been assessed for W.
In this study, we employed DGT containing the newly developed high-resolution PZ or PF 
Laboratory evaluation of DGT performance

Gel preparation
Diffusive gel strips (0.8 mm thickness, ~ 13 cm × 13 cm) were prepared following a published procedure [27] . PZ, PF and SF gel strips (0.4 mm thickness, ~ 7 cm × 22 cm) were made according to Guan et al. [25] , Luo et al. [33] and Zhang et al. [37] , respectively. AgI gel strips (0.75 mm thickness) was also prepared to measure sulfide and locate the hotspots visually according to Guan et al. [25] . For laboratorial DGT characterization experiments, the gel strips were cut into circular discs (2.5 cm diameter) and stored in 0.01 mol Lto use. For DGT deployment in sediment, the pre-cast PZ and AgI gel strips were cut into 1.8 cm × 15 cm sediment stripes for DGT probe assembly [38] , and soaked in 0.01 mol L -1 NaCl solution before use. NaCl instead of NaNO3 was used as the matrix hereafter to avoid the sediment redox change induced by NO3  [25] .
Elution efficiency
To obtain the elution efficiency, PZ, PF and SF gel discs were pre-loaded with W by being 
Diffusion coefficients
A previously described diaphragm diffusion cell made from Perspex [37] was used to measure the diffusion coefficient (Dcell) of W. A 0.075-cm-thick diffusive gel disc was placed between the two compartments connected by a 1.5 cm diameter circular window. Both compartments were filled with 50 mL solution with the same pH and ionic strength (IS), which was well stirred during the experiment. To test the possible effect of IS on the Dcell values [39, 40] , both synthetic solutions made with increasing concentrations of NaNO3 and natural water were adopted. The concentration of the NaNO3 in the synthetic solutions was adjusted to 0.0001, 0.001, 0.01 or 0.5 mol L -1 (pH 6.8). For the latter, a 0.45-μm filtered river water with pH 7.5 was used. The physicochemical properties of the river water sample are listed in Table   S1 in the Supplementary material. In contrast to the receptor compartment, the solution in the source compartment contained 1 mg L -1 W. Subsamples (0.2 mL) were taken from both sides every 15 min during a 2.5 h experiment. To test if the matrix (NaNO3) had any adverse effects on analyte adsorption [29] , the effective diffusion coefficients, DDGT, were also measured by immersing DGT devices equipped with a PZ gel, a diffusive gel, and a 0.14 mm thick, 0.45 μm poly(ether sulfone) filter membrane in 6 L of 50 μg L 1 W and 0.01 mol L -1 NaNO3 for 80 h.
Dcell and DDGT values were calculated as described previously [33, 39] .
Effects of ionic strength and pH
To investigate the effects of IS and pH on DGT measurement, 
Capacity
To measure the adsorption capacity of binding gels to W, PZ, PF or SF DGT's were deployed for 4 h in 2 L of wellstirred solutions containing W at various concentrations from 1.1 to 73.5 mg L 1 and 0.01 mol L -1 NaNO3 (pH = 6.44 ± 0.11). After sampling, all soils were air-dried and passed through a 2-mm sieve to remove stones and plant roots. Sample pH was measured at a 5:1 water-to-solid ratio in 0.01 mol L -1 CaCl2
Tungsten measurement in soils using
after shaking for 1 h [41] . Water holding capacity (WHC) was measured by soaking the soil samples in water for 2 h and then draining for 2 h [42] . Fe, Mn and Ca as the primary mineral binding sites for W were quantified, after soil digestion (USEPA method 3050B) and detection by flame atomic absorption spectrometry (PinAAcle 900T, PerkinElmer, USA). Other soil trace elements (Pb, As, Cd, Cr, Cu, Zn, Ni) for purposes of characterization of the soil were measured by ICP-MS (see Table S2 ). Due to the formation of tungstate precipitate during soil acid digestion, W in the soils was quantified directly by portable X-ray fluorescence (Niton XL3t 980, Thermo Scientific, USA). Air-dried soil samples (~200 g) were wetted to 50% WHC and incubated for two days and then raised to 90% for additional 24 h incubation. Triplicate 
PZ DGT measurement in sediment
One advantage of precipitated (PF and PZ) compared to slurry gels (SF) is their suitability for high-resolution solute profiling. Since such characteristics of PF gels have already been demonstrated [23] , here only PZ gel was studied. As W contaminated sediment/soil are commonly also enriched in other trace elements (see Table S2 ; [11] ), the improved capacity of the PZ gel over that of the PF confers some practical advantages for the measurements. Two deoxygenated PZ DGT probes, one without diffusive gel and the other with AgI as the diffusive gel (both containing filter membranes) were inserted across the sedimentwater interface (SWI) of two sediment cores (A and B) collected from Meiliang Bay, Lake Taihu, China. The main purpose of the AgI gel was to locate the SWI and redox microniches in the gel sampler [25, 44] . After 24 h deployment, the probes were retrieved followed by MQ water washing to remove sediment particles. The retrieved PZ gel from the probe with the diffusive gel were placed on polyethersulfone membranes and dried using a gel drier (Model 583, Biorad, USA)
following an established procedure [25, 44] . Afterwards, a section (~4. High-resolution ion mapping was carried out using a LA system (UP213, New Wave
Research, USA) coupled to ICPMS (7500 Series, Agilent Technologies, USA) to record 13 C, and 184 W signals. 13 C was used as an internal standard [23, 25] . Line scans of the gels were To evaluate the transfer of W across geochemical interfaces, the apparent fluxes of W across the SWI and hotspot-bulk media interface (HS-B-I), were calculated using a numerical model [45] based on sediment properties following Eq. 1. 
Results and discussion
Elution efficiency of W from binding gels
DGT-measurements require reproducible and high recoveries of W from the binding gels.
Previous studies showed that NaOH and HNO3/HF were effective in eluting oxyanions such as P and As from PZ gels [25] and W from ferrihydrite gels [29] . In this study, PZ gels were eluted using 10 mL of 0.5 mol L -1 NaOH [25] , whereas PF and SF gels were eluted using 10 mL of 1.4 mol L -1 HNO3 and 0.1 mol L -1 HF. The obtained elution efficiencies (fe) for W bound onto PZ, PF and SF gels were 99.5 ± 2.50%, 90.5 ± 1.52% and 89.7 ± 1.91%, respectively. The fe of PZ gel is comparable to the values (95.2%-98.9%) for oxyanions P, V, As, Se and Mo bound onto PZ gels [25] . Therefore, elution factors of 1.0 and 0.9 were adopted for the calculation of DGT's, respectively.
Diffusion coefficients for W in the diffusive gel
The D values of W at 25 o C are listed in Table 1 by Österlund et al. [29] . In this study, an average Dcell value of 6.63×10 -6 cm 2 s -1 with IS varied from 0.001 to 0.5 mol L -1 was used for the calculation of DGT-measured concentrations.
Effects of pH and ionic strength on DGT measurement
The effects of different pH and IS on W uptake by PZ, PF or SF DGT's are shown in Fig. 1(a,   b) . The overall performance of devices with the three different binding gels was similar. For pH in the range of 4.02-7.83, the ratio of DGT-measured concentration to solution concentration of W was within the acceptable limits (1.0 ± 0.1) (Fig. 1a) . When pH reached 
Capacity of PZ, PF and SF DGT's
The masses of W accumulated by DGT onto the PZ, PF and SF gels initially increased linearly with solution concentration (Fig. 1c) It is the first time that the DGT technique has been applied to study the bioavailability of W in soils. DGT-measured concentration, CDGT, incorporates the metal content in soil solution (Csol) and the supply flux from the labile pool of the solid phase [52, 53] . As demonstrated in Table 2 , CDGT increased with soil and porewater W concentration. R value (ratio of CDGT to Csol) reflects the resupply potential of an element to the soil solution, providing an additional measure of the ability of a soil to maintain the CDGT flux [43] . Comparison of the soil R values (0.06-0.09) from this study with those for other metals (Cd, Zn, Ni and As), encompassing a wide range of soil types [54] [55] [56] [57] , shows that typically W resupply is relatively poorly sustained. This is further supported by the high (>90%) non-available residual fraction of W observed in acidic and neutral soils [10, 18, 58] . Johannesson et al., [59] DGT's vs. the PZ DGT were within 17% of the value of unity, demonstrating a consistent measurement between the three sampler configurations.
In situ high resolution profiling of W in sediments
The ability to determine whether sediment is a sink or source of W supply is fundamental to the utility of the high resolution DGT method. 1D vertical DGT profiles provide averaged lateral fluxes that can be used to parameterize numerical models for calculating sedimentoverlying water partitioning and W transfer. 1D profiling of W concentrations/fluxes across the SWI of sediments A and B from Lake Taihu is shown in Fig. 2 at two resolution: 5 mm and 0.1 mm. Both methods reveal there to be little exchange between the two matrix compartments with the systems having approached a pseudo-equilibrium. Predicted apparent diffusion fluxes for W (Sediment A, -2.37×10 -2 ; Sediment B, -8.63×10 -4 ng cm -2 d -1 ) were 2-3 orders of magnitude lower than reported values for P from Lake Taihu sediments [45] , yet still indicated some marginal partitioning of W from the water column to the sediments. These observations fit the widely held hypothesis that W is a stable and inert metal compared with other trace elements. However, caution needs to be exercised when using this model to explain a sediment as a sink or source for a geochemically active element. If the element resupply, which is also captured by DGT, from the sediment solid phase is high, the obtained DGT concentrations below the SWI will be overestimated compared to those above the SWI. This will possibly induce an arbitrary/illusionary conclusion.
Toxicity risk assessment from W exposure may however be underestimated by 1D
profiling, due to the heterogeneity of W and its associated minerals and the averaging/integration of microniches with bulk sediments within the measurement. For sediment dwelling organisms in contact with microniche zones [31, 35, 60] , exposures to W could be significantly higher than predicted by averaged 1D data. High resolution 2D DGT captures these chemical processes (Fig. 3) , enabling a better understanding of both W geochemical cycling and exposure hazard. In the featured 2D sediment profile (Fig. 3) , two hotspot zones were identified, one in the overlying water and the other at 8 mm below the SWI.
The hotspot in water is possibly caused by sediment particle suspension along with the ebullition of piled gases from microbial respiration [61] or the swimming of benthic biota (such as Melita plumulosa) several millimeters above the SWI [62] . This phenomenon is also observed for other oxyanions, such as V, Mo and Sb, using high-resolution PF DGT [23] .
Average W fluxes (n = 100, averaged measurements of each 1.5 mm 2 ) from the hotspots expressed as a ratio of their bulk media equivalents, revealed W DGT fluxes in the overlying water were 1.5, whilst in the sediment this value was higher at 2 (Table S4 ). There inevitably existed lateral diffusion inside the DGT samplers, however, the resulting flux increase was determined to be <9% [63] . Therefore, the above observed hotspots are generally the same size as in the media.
In addition to determining bioavailable solute fluxes, the 2D images can be used to measure the movement of the solute fronts of hotspots to bulk media, providing information on the zone's behavior, spatial distribution and fate. Using the same numerical modeling approaches as for interface diffusion, the apparent diffusion fluxes for the water (2.07×10 -1 ng cm -2 d -1 ) and sediment (2.28×10 -2 ng cm -2 d -1 ) hotspots were calculated (Fig. 3 , HS-B-I (1) and (2)). The intensity of the solute front flux in water was greater than the corresponding sediment interface, which results a greater element dispersion but the phenomena would be predicted to be less well sustained. The net flux of the apparent diffusion (Fig. 3) indicated that the two hotspots were still growing, i.e. element dispersion outwards. Since microbe could be a significant contributing factor of element desorption from (suspended) sediment particle [31, 64, 65] , it can be assumed that the microbial desorption rate of W from the particle is still higher than the diffusion rate, therefore, the hotspots can maintain their enlargement. It should be pointed out that the hotspots would turn from genesis to senescence eventually, and it will be interesting, though challenging, to capture the later process and depict the life cycle of the hotspots.
Conclusions
Comprehensive 
